The electronic, optical, and magnetic properties of quantum solids are determined by their low-energy (<100 meV) many-body excitations. Dynamical characterization and manipulation of such excitations rely on tools that combine nm-spatial, fs-temporal, and meV-spectral resolution. Currently, phonons and collective plasmon resonances can be imaged in nanostructures with atomic (sub-nm) and tens of meV space/energy resolution using state-ofthe-art energy-filtered transmission electron microscopy (TEM), but only under static conditions, while fs-resolved measurements are common but lack spatial or energy resolution. Here, we demonstrate a new method of spectrally resolved photon-induced near-field electron microscopy (SRPINEM) that allows us to obtain nm-fsresolved maps of nanoparticle plasmons with an energy resolution determined by the laser line width (20 meV in this work) and no longer limited by the electron beam and spectrometer energy spreading. This technique can be extended to any optically accessible low-energy mode, thus pushing TEM to a previously unattainable spectral domain with an unprecedented combination of space, energy, and temporal resolution. KEYWORDS: ultrafast transmission electron microscopy, photon-induced near-field microscopy, electron energy-loss spectroscopy, high-resolution microscopy, plasmonics, surface-plasmon polaritons I n solids, low-energy many-body states emerge from the complex interplay between topology, electronic correlations, and structural dynamics.
I n solids, low-energy many-body states emerge from the complex interplay between topology, electronic correlations, and structural dynamics. 1 Electron-and photon-based inelastic scattering techniques can access this realm to provide information on energy scales and dispersion relations via spectroscopy 2 and on symmetry via selection rules. 3 When combined with microscopy, such as in energy-filtered electron microscopes, sub-nm spatial resolution can also be reached. 4 However, the energy resolution of these methods is fundamentally limited by the energy spread of the probe beam, which forbids access to features in the far-infrared spectral region. This limitation is further incremented by the finite energy resolution of the spectrometer. 5 For these reasons, much effort is currently under way to develop tools with improved energy resolution, simultaneously combined with space and time resolution, capable of resolving the structural, electronic, and magnetic textures that characterize quantum solids and nanostructures.
A way to circumvent the energy-resolution problem is offered by laser-based pump−probe methods, in which lowenergy modes correspond to long-period oscillations that can be coherently excited by light pulses and directly probed in real time via spectroscopy 6, 7 or microscopy. 8, 9 Time-resolved methods further enable the actual determination of the lifetimes of specific excitations, 10 avoiding indirect estimates based upon static spectroscopic data. 11 Additionally, timeresolved methods offer a unique handle to control the out-ofequilibrium properties of a solid. 12 Unfortunately, all-optical pump−probe techniques are limited by diffraction in far-field microscopes and by interaction with a sampling tip in nearfield setups, yielding a spatial resolution of tens of nm at best. 13, 14 Recently, pulsed electron beams have been combined with ultrafast lasers to simultaneously achieve nm-fs space−time resolution in the technique known as photon-induced nearfield electron microscopy (PINEM), 15−19 successfully applied in selecting specific plasmonic excitations, without resorting to complex electron-wave function shaping techniques, 20 as well as in mapping their dynamics at surfaces, 9 interfaces, 21 and buried layers. 22 However, energy resolution in PINEM is obtained through an electron spectrometer, so the results are also affected by energy spread in the electron beam, which in practice limits the resolution to the eV range. Better energy resolution of ∼10 meV has been recently reported in state-ofthe-art TEMs through electron energy-loss spectroscopy (EELS), 23−25 but with much poorer or no time resolution. The sought-after nm-fs-meV combined resolution is therefore remaining as an insurmountable challenge with currently existing approaches.
To go beyond these limitations, we have developed a disruptive approach that adopts tunable-wavelength light pulses from an optical parametric amplifier (OPA) for photoexcitation combined with energy-filtered transmission electron microscopy (TEM) (Figure 1 , see details in Methods). A scheme of our experimental apparatus is depicted in Figure 1a . We demonstrate the potential of our technique by applying it to study plasmon resonances (PRs) in long metal nanowires (NWs), driven by the strong potential of these excitations in a broad range of areas including optical sensing 26 and, more recently, optoelectronics at infrared energies in 2D materials. 27, 14 The study of plasmons has a long tradition in electron microscopy 23, 28 and should benefit from combined nm-fs-meV resolution.
In general, the transient electric field associated with the passage of swift electrons in the proximity of a nanostructure excites PRs, which are visible as features in an energy-loss spectrum (Figure 1b) . In time-resolved electron microscopy, the intensity of the electron pulses is severely attenuated to reduce space charge effects 29 and their energy bandwidth is broadened at the eV level, thus resulting in significantly reduced contrast of the plasmon features (Figure 1c ). In contrast, in PINEM, a specific plasmon resonance can be strongly excited by illuminating the nanostructure with laser pulses at a resonant energy, resulting in the exchange of multiples of the PR energy with the imaging electron beam (Figure 1d ): the external laser supplies photons in a coherent state, which consequently populate the plasmon also in a coherent state with average occupancy n o ≫ 1 for high light intensities; multiple plasmon gains and losses by the electron then take place with a probability proportional to n o times the spectral probability in conventional EELS. 30 For this reason, in PINEM, filtering the electron beam to image all inelastically scattered electrons yields the spatial profile of one specific PR, unlike conventional spectral imaging, which requires a filtering pass-energy tuned to the individual resonance. Ultimately, by scanning the laser wavelength across PRs and mapping their spatial profile in real space via PINEM imaging, one can resolve the modes with an energy resolution given by the laser line width (Figure 1e ) and thus no longer limited by the electron-beam energy bandwidth.
In our spectrally resolved PINEM (SRPINEM) method, we use an electron beam with ∼10 2 electrons per pulse at the specimen position in combination with the photoexciting light pulses. The energy distribution of such a beam is depicted in Figure 2a before and after the arrival of the photoexcitation with 100 fs, 1.08 eV, 5 mJ/cm 2 pulses. The electron-beam energy spread is as large as 6 eV due to intrapulse electron− electron Coulomb repulsion. 29 Importantly, the overall spectrum changes when electrons and light pulses arrive in coincidence at the NW (Figure 2a , red trace). A depletion is observed close to the zero of energy (referenced to the TEM acceleration voltage, 200 kV) corresponding to the zero-loss peak (ZLP) and accompanied by an increase of counts toward the tails of the spectrum. This is a typical fingerprint of the PINEM effect, which originates from inelastic scattering of the electrons by the photoexcited surface-plasmon polaritons (SPPs). Note that, as schematically depicted in Figure 1c , 
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Letter the PINEM sidebands are not resolved because of the large energy bandwidth of the electron beam. However, by subtracting an image recorded before illumination ( Figure  2b ) from one recorded in coincidence with the photoexcitation (Figure 2c ), the spatial distribution of the photoinduced plasmonic field is clearly retrieved (Figure 2d ). In this specific instance, Figure 2d highlights the resonance mode of order n = 16 (number of near-field nodes along the wire length) in a silver NW (130 nm diameter, 7.8 μm length) deposited on a Si 3 N 4 membrane (see Methods).
While this method in principle works for arbitrarily lowenergy optically allowed excitations, its limit is given by the sensitivity in detecting the laser-induced depletion of the elastic peak. For very low energy modes (around 10 meV) in the weak coupling limit, yielding only a few PINEM sidebands, the ZLP shape changes may fall below the resolution of the EELS spectrometer (50 meV in our case), thus preventing the laser on/off difference image from showing the spatial profile of the photoexcited mode.
We resolve the spectral line shape of the PRs supported by the silver NW by applying the described method to record a series of images as a function of the photoexciting laser wavelength. When the photon energy is tuned to a PR ( Figure  3 ), a clear spatial profile is obtained, revealing the order of the mode n through the number of PINEM intensity nodes along the wire (Figure 3b ). This is also evidenced by the spatial Fourier transform (FT) of the image, which allows us to retrieve the spatial periodicity of the field and the strength of the resonance. By plotting the area of the FT peak associated with a particular PR as a function of the driving laser wavelength, we finally obtain the plasmon spectral profile with an energy resolution of 20 meV, only limited by the laser line width (Figure 3c ). As the absolute Fourier limit of the laser pulse cannot be bypassed, a spectral/temporal trade-off is needed. In our current study, the laser system was prepared to deliver tunable near-infrared (near-IR) ∼100 fs pulses with ∼20 meV bandwidth, adapted to resolve the PR spectral shape and its temporal dynamics. To reach a finer energy resolution (less than 5 meV), one could employ pulses of 1−2 ps duration, sacrificing time resolution, or with longer wavelengths in the mid-IR regime. The latter method could be of interest for example to study long-lived, sharp plasmons, such as those in high-quality graphene.
14 Notably, our technique allows one to combine nm-fs-meV energy−space−time resolution in a single experiment, yielding a complete characterization of a low-energy collective mode. In Figure 4a , we show our measured spectra of the wire PRs in the range between 800 and 1080 meV (see supplementary 
Letter figures for spatial profiles of all modes), highlighting the presence of n = 13−16 resonances. The optical excitation of both even and odd modes in the geometry of our experiment is due to the skew angle of the long wire relative to the electron beam direction. 9 The measured spectra are in good agreement with SRPINEM simulations based upon boundary-elementmethod calculations of the optical field (see Methods), except for an energy misalignment that could originate in imperfections of the NW. These defects result in a deviation from the ideal Fabry−Perot reflections calculated in a featureless wire, for which a more uniform mode spacing is predicted. In Figure 4b , we show the transversal spatial profile along the direction perpendicular to the nanowire axis; the plasmonic field is observed to decay exponentially with a characteristic length of 280 ± 20 nm for n = 13, roughly diminishing with the increasing order of the resonance, which is consistent with previous observations by spectral imaging 23 and also with an approximate transversal decay given by the plasmon wavelength divided by 2π.
14 The temporal evolution of the plasmonic field is depicted in Figure 4c , where we plot the intensity of the PINEM signal obtained with short electron bunches as a function of the time delay between laser and electron pulses. We obtain a plasmon lifetime of 90 ± 40 fs by fitting the measured temporal trace with a Gaussian instrument response function (IRF) of 250 ± 50 fs (see Figure S2 of ref 22) convoluted with a single-exponential decay. This method will be best suited for the investigation of very sharp long-lived (>1 ps) resonances, for instance in doped semiconductors.
We stress that this methodology is not limited by the energy broadening of the incident electron beam, in contrast to conventional inelastic scattering methods. In fact, the central frequency and the resolution necessary to image a specific mode are solely determined by the light excitation properties and not by the electron beam or spectrometer characteristics. This is an important advantage because light sources of high monochromaticity and controlled temporal profile are readily available at energies covering a wide spectral range, thus giving access to a broader parameter space compared with state-ofthe-art electron optics. While in our current report we employ a fs infrared beam obtained via nonlinear wavelength conversion in an OPA, ultrahigh resolution spectroscopy experiments (even below 1 meV if one partially sacrifices time resolution) can be conceived using the intrinsic small line width of laser sources or incorporating spectral shaping techniques. Furthermore, our method can be applied to the investigation of arbitrarily low-energy modes, provided that they can be selectively excited by tunable light pulses. Clear candidates are phonons, which have been recently resolved in energy-filtered TEM 25 and can be photoexcited to manipulate the properties of quantum solids and nanostructures. By resolving the spectral, spatial, and temporal profiles of the lightinduced phonon field in a nanostructure, one could simultaneously retrieve the dynamical coupling between the lattice and the electronic structure through line shape analysis, real-space observation of the coherent structural modes, and anharmonic decay in real time, yielding a valuable tool to visualize and control the physics of advanced nanostructured materials. Similarly, our method combined with the selective population of vibrational states in plasmonic nanoparticles, used as catalysis enhancers, could provide a unique highresolution viewpoint in space, time, and energy on reaction trajectories. 31 Nanofabrication can also be used to modify selection rules and coupling strengths, making optically silent features accessible with our technique. In quantum solids, this method could be applied to a subset of collective excitations that couple to light, an example of which can be the transverse Josephson plasmons in layered superconductors. 32 ■ METHODS Sample Preparation. Silver nanowires with a diameter of around 100 nm and lengths on the order of 10 μm (SigmaAldrich, 739421) were dispersed in ethanol through sonication for 30 min. Samples were then prepared by drop-casting a single drop of the resulting suspension on 50 nm thick Si 3 N 4 support films (Ted Pella, 21509-10) and were air-dried for a couple of hours before examination in the ultrafast transmission electron microscope (UTEM, operated at 295 K and around 10 −5 Pa). Experimental Apparatus. A 300 kHz train of linearly polarized, 800 nm, 80 fs, 10 μJ light pulses was split to generate two beams. One beam was frequency tripled to deliver few-nJ ultraviolet pulses utilized to photoemit electrons from a truncated-cone LaB 6 cathode (15 μm diameter truncation plane, AP-Tech) in a modified JEOL JEM 2100 microscope operated at 200 kV, 29 as schematically shown in Figure 1a . The second 800 nm beam was used to seed an optical parametric amplifier (TOPAS HR, Light Conversion), producing signal 
Letter beams between 1150 (1080 meV) and 1550 nm (800 meV), with energy per pulse in the 1−2 μJ range, depending on the wavelength. After passing through an optical delay line, the near-IR pulses were focused with a lens of 25 cm focal length inside the UTEM to a spot size of around 40 μm, such that uniform photoexcitation in the field-of-view of the photoelectron beam was obtained. The pump spot size was measured by a beam profiler (Spiricon, model SP620U), detecting a portion of the beam selected by a window and located at a distance from the lens corresponding to that of the specimen. The electron beam was perpendicular to the sample (i.e., to the thin film substrate), although the NWs could still be tilted with respect to it. For the PINEM experiments, a constant optical fluence of 5 mJ cm −2 at all wavelengths was used. Polarization of the pump pulses was set by using a broadband half-wave plate in the near-IR spectral regime. Energy-filtering of the electrons was performed by a postcolumn Gatan Quantum GIF electron energy-loss spectrometer. A 2048 × 2048 pixel CCD camera operated with a dispersion setting of 0.05 eV per channel was used to detect the filtered electrons. Imaging was performed by using an electron beam with ∼10 2 electrons per pulse and selecting a 4 eV window at the center of the ∼6 eV zero-loss peak obtained under these electron intensity conditions. Images of the wire in the presence of the pump pulse and before its arrival were obtained with 20 min integration and 5 min alternation to average over fluctuations of the electron beam intensity and sample position.
Image Processing. Images of the investigated NW at all wavelengths with and without the photoexcitation were spatially aligned using a 2D cross-correlation algorithm, after correcting for the different overall amount of counts caused by temporal fluctuations of electron beam intensity and instrumental conditions. Spikes above a fixed threshold value were removed, and single-pixel noise was median-filtered. Background was subtracted from every image after fitting its spatial distribution. Then, images of the photoinduced plasmonic fields were retrieved by taking the difference between the images recorded before and in coincidence with the photoexcitation. Spatial image calibration was performed by comparing the size of the nanowire with independent references.
Numerical Simulations. The interaction between swift electrons (velocity v, moving along z) and nearly monochromatic light (frequency ω, electric field E z along z) in PINEM is quantified by the coupling integral The probability that the electron has gained or lost an energy lℏω is J l 2 (2|β|), so in particular, the depletion of the zero-loss peak (l = 0) is 1 − J 0 2 (2|β|) ≈ |β| 2 for small β. We take this value as an estimate of the SRPINEM signal, calculated for each electron impact parameter relative to the wire, with the light electric field obtained via the boundary-element method 
